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ABSTRACT: Cellulose acetate (CA) can be converted to
cellulose II through a deacetylation process using ethanolic
NaOH solution. Infrared spectroscopy was used to observe
the degree of acetylation by comparing the absorption
intensities of CO and C−O stretches. Attenuated total
reﬂection-Fourier transform infrared (ATR-FTIR) analysis,
which only measures a few microns into the ﬁber diameter,
was compared with FTIR, which measures the whole ﬁber
cross-section. Steady deacetylation of the whole ﬁber over 180
min was observed with FTIR to eventual complete
deacetylation. In comparison, ATR-FTIR shows deacetylation
occurring more rapidly to complete deacetylation after 90 min,
indicating rapid deacetylation of the CA ﬁber periphery. Data
were ﬁtted to a pseudo-second order kinetic model, with high correlation (R2 > 0.99), and it was observed that the deacetylation
rate (k2) observed with ATR-FTIR (−0.634 min−1) was twice as rapid as the deacetylation rate observed with FTIR (−0.315
min−1). IR observations were in agreement with the analysis of ﬁber cross-sections by confocal microscopy, where it was
observed that changes in ﬁber morphology occurred with treatment time and progressive hydrolysis of cellulose acetate to
cellulose II. A diﬀerential ﬁber chemical composition was created within the CA ﬁber cross-section; after 5 min, the outer
regions of the ﬁber cross-section are hydrolyzed to cellulose II and this hydrolysis increases heterogeneously with time to
complete hydrolysis after 180 min and conversion to cellulose II. These results indicate the potential to produce ﬁbers with a
diﬀerential periphery/core structure, which can be accurately designed according to the relative degrees of cellulose II/CA
required for speciﬁc applications by varying the treatment time in application of this model.
■ INTRODUCTION
Cellulose is a linear polymer composed of glucose units that are
linked by β-1,4-glycosidic bonds formed between the carbon
atoms C(1) and C(4) of adjacent glucose units. Cotton ﬁbers
are one of the purest sources of cellulose and the most important
industrial natural ﬁbers.1 The demand for cellulose and its
derivatives within the technical textile industry is high due to its
outstanding properties, such as excellent moisture absorption,
good abrasion resistance, and high strength. However, native
cellulose (cellulose Iβ) has poor solubility in most solvents as a
result of extensive hydrogen bonding between molecular chains,
which forms a supramolecular structure that can be described by
a two-phase model with regions of high orientation (crystalline)
and low orientation (amorphous).2−6 This greatly restricts the
development and utilization of cellulose and hence cellulose
derivatives have been developed for use in ﬁber applications.
Cellulose acetate (CA) is one of the essential esters of
cellulose obtained via an acetylation process, wherein cellulose is
reacted with acetic anhydride and acetic acid in the presence of
sulfuric acid.7 The properties of CA ﬁbers mostly depend on
solution viscosity and degree of esteriﬁcation;8,9 the most
common form of CA ﬁbers have a degree of substitution of 2.0−
2.5 (secondary cellulose acetate)7 and these ﬁbers are used in
apparel because they are hygroscopic as the amorphous open-
pore structure allows moisture to be transported away from the
body, making the wearer feel cool and comfortable.10,11 When
the degree of substitution reaches a low value of about 1.5, it
leads to cellulose-like properties, wherein the polymer becomes
more hydrophilic, accompanied by enhanced wettability and
water sorption.6,9
Deacetylation of CA ﬁbers leads to the formation of cellulose
II and can be commonly achieved with aqueous or alcoholic
alkali solutions, which remove acetyl groups (−COCH3). The
degree of deacetylation and the time to achieve deacetylation
depend on several factors, including solvent type, alkali
concentration, and liquor to ﬁber ratio.12−14 Liu and Hsieh12
demonstrated that deacetylation of cellulose acetate ﬁbers with
0.05 M NaOH in ethanol was more eﬃcient, homogenous, and
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complete than the same alkali concentration in aqueous
conditions and found that conversion of ester into hydroxyl
with progressive hydrolysis leads to improved wettability.
Cellulose is highly hygroscopic due to a high number of
hydroxyl groups in its molecular structure; CA is more
hydrophobic than cellulose, due to acetylation of the majority
of hydroxyl functions, and hence water sorption is signiﬁcantly
reduced. As cellulose II and CA ﬁbers have diﬀerent moisture
sorption properties, the aim of this research is to produce
diﬀerentiated cellulose II/cellulose acetate hybrid ﬁbers, where
the periphery of the ﬁber is composed of cellulose II and the core
is CA. The intended application is that the resultant ﬁbers will
have smart thermoresponsive functions.
Infrared spectroscopy is used herein as the primary technique
to monitor changes in the ﬁbers. IR spectroscopy has been
applied extensively over the past sixty years to study cellulose I
Figure 1. (a) ATR-FTIR spectrum for the CA ﬁber before deacetylation; (b) FTIR spectrum for the CA ﬁber before deacetylation; (c) ATR-FTIR
spectrum for CA ﬁber after 90 min treatment; (d) FTIR spectrum for the CA ﬁber after 90 min treatment; (e) ATR-FTIR spectrum for the CA ﬁber
after 180 min treatment; (f) FTIR spectrum for the CA ﬁber after 180 min treatment. Red circles indicate the CO and C−O absorption bands.
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and cellulose II, and Fourier transform infrared (FTIR)
spectroscopy has demonstrated a clear relationship between
the interaction of hydroxyl groups and crystallinity. Using classic
potassium bromide pellet FTIR techniques, O’Connor et al.15
ﬁrst developed the “crystallinity index” for cellulose I, where
absorption at 1429 cm−1 decreased and absorption at 893 cm−1
(α1429/893) increased as crystallinity decreased. Subsequently, the
“lateral order index” (LOI; α1418/894),
16 “total crystallinity index”
(TCI; α1372/2900),
17 and “hydrogen-bond intensity” (HBI;
α3336/1336)
18 have all been developed to study crystallinity in
cellulose I and II, and partially mercerized cellulose. The
Carrillo−Colom index (α1278/1263) was speciﬁcally developed to
explain crystallinity changes in cellulose II polymers upon
sodium hydroxide treatment.19,20
More recently, researchers have used attenuated total
reﬂectance-Fourier transform infrared (ATR-FTIR) spectros-
copy to analyze crystallinity changes in cellulose I and cellulose
II ﬁbers and demonstrated a good comparison with analytical
techniques such as X-ray diﬀraction (XRD). Kljun et al.21 found
that ATR-FTIR oﬀered a reliable and useful way of monitoring
and quantifying crystallinity and morphological changes in
developing cotton (cellulose I) ﬁbers and used LOI to show that
signiﬁcant increases in crystallinity occur between days 17 and
26 post-anthesis; HBI was used to observe signiﬁcant changes in
intermolecular hydrogen bonds from anthesis to day 60. Kljun et
al.22 also found that ATR-FTIR compared well with XRD in
quantifying crystallinity changes in cellulose I and its conversion
to cellulose II upon treatment with various concentrations of
sodium hydroxide. Široky ́ et al.23,24 demonstrated that ATR-
FTIR spectroscopy could be used to monitor crystallinity and
morphological changes in cellulose II polymer ﬁbers when
treated with varying concentrations of alkali; they demonstrated
that TCI, LOI, and HBI could all be used to understand which
alkali concentrations were responsible for reorganization in the
amorphous and quasicrystalline phases of cellulose II ﬁbers. The
researchers also demonstrated the advantages in using in situ
ﬁber measurement with ATR-FTIR.
■ RESULTS AND DISCUSSION
Cellulose acetate can be converted to cellulose II through an
alkaline deacetylation process. Infrared (IR) spectroscopy
techniques were used to analyze changes in the chemical
composition of CA ﬁbers as a function of NaOH treatment time,
speciﬁcally the removal of CA acetyl groups. The diameter of the
as-spun CA ﬁbers ranged from 21.6 to 34.7 μm. ATR-FTIR can
only measure up to a few microns (0.5−5.0 μm) into the ﬁber
diameter23 and hence the measurement is more sensitive to
changes at the surface rather than in the bulk. Diﬀerences in the
analytical techniques, FTIR and ATR-FTIR, could be used to
compare the chemical characteristics of the periphery of the ﬁber
(ATR-FTIR) and the whole ﬁber cross-section (FTIR). CA
ﬁbers show characteristic IR absorption bands at around 1760−
1730 cm−1, corresponding to the overlapped ester carbonyls,
and this CO band may be used to observe the degree of
acetylation. The C−O−C band at 1162−1125 cm−1 was used
for normalization as it is unchanged in intensity during
deacetylation. Relative absorption intensities of the CO
stretch at 1760−1730 cm−1 and the C−O stretch at 1270−1210
cm−1, both corresponding to the acetyl group, were used to
determine the relative degrees of CA and cellulose II content
and to compare the analyses by ATR-FTIR and FTIR.12
Figure 1 shows the changes in the ATR-FTIR and FTIR
spectra before and during deacetylation. It can be seen that there
is a diﬀerence in absorption intensities in FTIR and ATR-FTIR
spectra for the CO and C−O peaks; this is attributed to the
diﬀerence in penetration of IR light into the sample. FTIR is also
able to measure spectra with high signal-to-noise ratios which
leads to a high-intensity infrared spectrum.25 An intense
carbonyl peak is observed in both FTIR and ATR-FTIR spectra
before deacetylation but with alkali treatment, the CO band
slowly diminishes. After 90 min, the carbonyl is still identiﬁed in
the core of the ﬁber, which suggests a diﬀerence in the acetyl
content between the periphery and the core of the ﬁber;
cellulose II is formed at the surface, whereas CA is still present at
the core. After 180 min, the CO band is completely absent,
indicative of full deacetylation. The relationship between FTIR
and ATR-FTIR spectra, i.e., the diﬀerence in the chemistry of
the peripheral layer of the ﬁber compared to the chemistry of the
whole ﬁber cross-section, is articulated in this study by the acetyl
factor (AF); to the best of our knowledge, this is the ﬁrst time
that the acetyl factor has been used to articulate such a
diﬀerence.
Herein, we have deﬁned the term acetyl factor (AF) as the
ratio of sorption intensity for the CO group to the sorption
intensity of the C−O group (eq 1).
=
−
AF
absorption intensity of C O
absorption intensity of C O (1)
We propose that this equation may be used to indicate the
degree of acetylation of the treated ﬁbers since CO groups are
aﬀected by deacetylation and the C−O groups are not. The
normalized acetyl factor
ı
(AF) is given by eq 2
ı =AF AF
AF0 (2)
where AF0 is the initial acetyl factor.
Figure 2 shows
ı
AF for both ATR-FTIR and FTIR
measurements as a factor of treatment time (t). It is observed
with FTIR that
ı
AF decreases steadily over 180 min, indicating
steady deacetylation of the whole ﬁber to eventual complete
deacetylation. For ATR-FTIR,
ı
AF decreases more rapidly than
the
ı
AF measured by FTIR, with
ı =AF 0 at t = 90min, indicating
rapid deacetylation of the CA ﬁber periphery (up to 5 μm from
the ﬁber surface) in half the time to achieve complete
deacetylation of the whole ﬁber.
The data in Figure 2 were ﬁtted to a pseudo-second order
kinetic model, as described by eq 3
Figure 2. Normalized acetyl factor for the CA ﬁber as a factor of
treatment time.
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∂
∂
= −
t
k
AF
(AF AF )t te
2
(3)
where AFt and AFe are the acetyl factors of the ﬁber at a given
time (t) and at equilibrium, respectively (no units). The term k2
is the rate constant of the pseudo-second-order equation
(min−1). For boundary conditions t = 0 to t = t and AFt = 0 to
AFt = AFt, the integrated form of eq 3 becomes eq 4
= +t
k
t
AF
1
AF
1
AFt e
2
e (4)
Plotting t/AFt against t produces a straight line, where the
absorbance at equilibrium (AFe) = 1/slope, and the pseudo-
second-order rate constant (k2) = slope
2/intercept. Figure 3
shows a high correlation (R2 > 0.99) of the data with the pseudo-
second-order model, where it is observed that for ATR-FTIR, k2
= −0.634 min−1 and for FTIR, k2 = −0.315 min−1, indicating
that the rate of deacetylation at the surface of the ﬁber (as
evidenced through ATR-FTIR investigation) is approximately
twice the rate of deacetylation for the total ﬁber (as evidenced
through FTIR investigation). These results indicate the
potential to produce ﬁbers with a diﬀerential periphery/core
structure, which can be accurately designed according to the
relative degrees of cellulose II/CA required for speciﬁc
applications by varying the treatment time in application of
this model.
Cross-sectional confocal microscopy of the cellulose II/CA
ﬁber at diﬀerent stages of the deacetylation process (Figure 4)
shows changes in ﬁber morphology during progressive
hydrolysis. The images suggest that there is a diﬀerential ﬁber
chemical composition created within the CA ﬁber cross-section,
as evidenced by staining with calcoﬂuor ﬂuorescent white
(CFW). The stain does not bind with CA, so initially there is no
staining of the ﬁber though the cross-section (a). After 5 min of
treatment (b), staining at the ﬁber periphery is observed, which
indicates that the outer regions of the ﬁber cross-section have
been hydrolyzed to cellulose II, in agreement with the ﬁndings
from IR analysis (Figure 2). Staining with CFW increases
heterogeneously with time, suggesting that a pore structure
through the ﬁber cross-section allows the ethanolic NaOH
solution to enter the amorphous regions, enabling deacetylation
to take place. Prolonged immersion in the ethanolic NaOH
solution allows complete hydrolysis, where it is observed after
180 min (e) that the whole ﬁber cross-section is stained with
CFW, indicating complete conversion to cellulose II; again, this
is in agreement with IR analysis ﬁndings.
The kinetics discussed herein consider the rate of
deacetylation at the periphery of the ﬁber compared to the
whole cross-section, and hence, this does not consider the
diﬀerences in the cross-sectional shape. As ATR-FTIR can only
measure up to 5 μm from one side of the ﬁber, and the narrowest
diameter of any ﬁber observed herein was 12 μm, the
conclusions comparing diﬀusion at the periphery of the ﬁber
and the whole ﬁber remain valid, even though the ﬁbers are not a
perfect circular cross-section. If the ﬁbers were perfectly circular,
this may aﬀect absolute kinetics as the narrowest part of the ﬁber
cross-sectionmay be diﬀerent (wider) but this would not change
the fundamental principles observed.
■ MATERIALS AND METHODS
Materials. Cellulose acetate (Mw = 30 000, 39.8% acetyl
content), acetone (≥99%), sodium hydroxide (NaOH; ≥97%),
hydrochloric acid (HCl; ≥37%), and calcoﬂuor ﬂuorescent
white (CFW)were purchased from Sigma-Aldrich, U.K. Ethanol
absolute (EtOH; ≥99.8%) was procured from VMR Chemicals,
U.K. All other general purpose chemicals were purchased from
Sigma-Aldrich, U.K.
Wet Spinning of Cellulose Acetate. Wet spinning was
used to produce CA ﬁbers. This process is based on
precipitation, where a polymer is extruded through a spinneret
into a liquid coagulating bath to yield solid ﬁlaments.26 The
solidiﬁed ﬁber undergoes washing, chemical treatment, drawing,
and a drying process before being wound up onto a bobbin.27,28
Extrusion into liquid exerts a drag force on the ﬁlament; once the
solvents are evaporated, the ﬁlaments are drawn or stretched to
orient the molecular chains to give the ﬁber its strength.26 Figure
5 shows a schematic representation of the wet spinning line used
in this research, which consists of three main units: (unit A)
spinning unit with dope supply reservoir and coagulation bath;
(unit B) washing, drawing, and drying unit; and (unit C)
receiving bobbin for collecting the ﬁber produced. The spinning
dope was prepared by dissolving CA (17.0 g) in acetone (100
mL) with constant stirring at room temperature (25± 5 °C) for
24 h. The spinning solution was extruded through a 0.1 mm
diameter spinneret (100 holes), with a pump speed of 40 rpm,
into a coagulation bath containing distilled water at 25 °C (unit
A). Subsequently, the ﬁbers were washed in a bath containing
distilled water at 25 °C (unit B, zone 1), whilst simultaneously
being drawn at a diﬀerential speed ratio of 1:1.10; then washed
in a bath containing distilled water at 25 °C (unit B, zone 2),
whilst simultaneously being drawn at a diﬀerential speed ratio of
1:1.09; then dried in air at 40 °C (unit B, zone 3), whilst
simultaneously being drawn at a diﬀerential speed ratio of
1:1.08. Finally, the ﬁbers were taken up on the winder roller at a
winding speed of 90−110 m min−1 (unit C).
Deacetylation of Cellulose Acetate Wet-Spun Fibers.
Deacetylation was carried out to remove acetyl groups from the
as-spun CA ﬁbers by alkaline hydrolysis at room temperature
using a Mathis Airboy Dyeing Machine. CA ﬁbers were wound
over a metal frame and loaded into glass dyeing tubes containing
1.0 M ethanolic NaOH solution (100 mL). Fiber samples were
treated at 21 °C for treatment times ranging from 0 to 180 min.
After treatment, the ﬁbers were rinsed and treated in 0.1 N
aqueous HCl solution (100 mL) for 10 min, followed by rinsing
with tap water. The ﬁbers were then dried in air at room
temperature for 3 h.
Fiber Cross-Section Area Measurements. The ﬁber
cross-section was imaged by using a light microscope, Leica
M205C, equippedwith a TLBFDF transmitted-light stand and a
Figure 3. Pseudo-second-order model (t/AFt vs t) for AF of the CA
ﬁber as a factor of treatment time.
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manual focusing drive. Image analysis software, Image J, was
used to view and measure the ﬁber cross-section area before and
after deacetylation.
Fourier Transform Infrared (FTIR) Spectroscopy. Prior
to analysis, the ﬁbers were conditioned at 65 + 2% relative
humidity and 20 + 2 °C for 48 h. Spectroscopic grade potassium
bromide (KBr) powder was dried in an oven at 100 °C for 1 h.
Fiber samples weremixed with dried potassium bromide powder
in a 1:9 ratio, placed into a mortar and ground with an agate
pestle until the sample was well dispersed and the mixture has
the consistency of a ﬁne powder. The ground powder was placed
in a die assembly and transferred to a hydraulic press. Air was
removed from the sample under high vacuum for 2min and then
pressed at 281 kg cm−2 for 1 min, after which the pressure was
released. The pressed sample was removed from the die and
placed into the FTIR sample holder. The samples were
subjected to FTIR spectroscopy using a PerkinElmer Spectrum
BX spotlight spectrophotometer. Scanning was conducted from
4000 to 600 cm−1 with 64 scans averaged for each spectrum. The
resolution was 4 cm−1 and interval scanning was 2 cm−1.
Attenuated Total Reﬂectance-Fourier Transform In-
frared (ATR-FTIR) Spectroscopy. A detailed description of
the use of ATR-FTIR spectroscopy for analyzing cellulosic ﬁbers
is given by Široky ́ et al.23 Prior to analysis, the ﬁbers were
Figure 4.Cross-sectional confocal microscopy of the cellulose II/CA ﬁber after treatment with ethanolic NaOH solution for (a) 0 min, (b) 5 min, (c)
30 min, (d) 90 min, and (e) 180 min. The scale bar is 10 μm.
Figure 5. Schematic diagram of a wet spinning machine: unit A is the spinning unit; unit B is for washing and drawing (zones 1 and 2) and drying and
drawing (zone 3); unit C is the receiving bobbin.
ACS Omega Article
DOI: 10.1021/acsomega.9b00159
ACS Omega 2019, 4, 4936−4942
4940
conditioned at 65 + 2% relative humidity and 20 + 2 °C for 48 h.
The samples were subjected to FTIR spectroscopy (at four
diﬀerent points in the sample) using a PerkinElmer Spectrum
BX spotlight spectrophotometer with a diamond ATR attach-
ment. Scanning was conducted from 4000 to 600 cm−1 with 64
scans averaged for each spectrum. The resolution was 4 cm−1
and interval scanning was 2 cm−1. The angle of incidence of the
IR beam was 45° and the depth of penetration was
approximately 0.5−5.0 μm.
Confocal Microscopy. The samples were washed in
phosphate-buﬀered saline at least three times and incubated
with cellulose stain CFW (0.2 g mL−1) for 5 min in the dark.
Objective EC Plan-Neoﬂuar Oil was added to the samples to
provide clearer imaging. Labeled samples were visualized with
an epiﬂuorescence microscope (Eclipse E600, Nikon, U.K.).
Images were observed by a Zeiss LSM880 Confocal Microscope
equipped with Airyscan under 20× and 40× magniﬁcation.
Images were captured and analyzed with a ZEN Digital Imaging
for Light Microscopy Black Edition. The images were then
exported in TIFF format and the ﬁnal images were edited using
the ZEN Black software. CFW binds strongly to 1,3- and 1,4-
polysaccharides but does not bind to CA and was used herein to
identify diﬀerential regions of the ﬁbers between cellulose II and
CA.29
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